The three dimensional structures of sea surface temperature (SST) and atmospheric circulation anomalies associated with ENSO are investigated over the entire globe, by using the objectively analyzed data sets of the years 1964 to 1981. The global data sets of U, V, Z and T are produced by applying the least-square method to fit the time-filtered station data (of more than 320 stations) and NMC tropical wind field data with truncated spherical harmonics of wavenumber 0 to 5. Global SST and sea level pressure data are also utilized. In this paper (Part I) the composite anomaly patterns during El Nino episodes are discussed.
Introduction
In recent years, the El Nino/Southern Oscillation (ENSO) has become of great interest as a typical prototype of large-scale atmosphereocean interaction. This phenomenon was described first by Walker and Bliss (1932) and was physically conceptualized first by Bjerknes (1966) . The 1982/83 El Nino, which was one of the largest events in this century has induced renewed interest in this phenomenon.
Another remrkable aspect of ENSO may be the distinct climatic anomalies over the north Pacific through north America (Bjerknes, 1969; Namias, 1976; Horel and Wallace, 1981 etc.) , associated with the extreme phases (i.e., El Nino or anti-El Nino) over the equatorial eastern Pacific. These anomalies have now been understood as stationary Rossby wave responses to the anomalous heat source over the equatorial Pacific (e.g., Blackmon et al., 1983; Shukla and Wallace, 1984 etc.) . A theoretical background of this problem was given by Hoskins and Karoly (1981) .
The current unresolved problem on ENSO is what is the physical mechanism of the ENSO cycle with a period of several years. A number of coupled ocean-atmosphere models have now been proposed to simulate the tropical aspects of ENSO, particularly the time evolution of SST and wind field along the tropical Pacific region. Philander et al. (1984) simulated eastward propagation of sea surface temperature (SST) and wind field with linear dynamics for both the ocean and atmosphere. Their results seem to agree fairly well with the observations over the equatorial Pacific during 1982/83, though this model does not describe the ENSO cycle. Anderson and McCreary (1985) proposed a model with non-linear ocean dynamics and linear atmosphere dynamics. They first showed the cycle, namely from El Nino to anti-El Nino and from anti-El Nino to El Nino in the SST and wind fields, though some features are quite different from the observations. Zebiak and Cane (1985) proposed a more sophisticated model including the seasonal cycle and prediction equation of SST. This model seems to have successfully simulated the SST and wind field evolutions in the ENSO cycle with some periodicity (but with the time scale of several years), though the zonal propagation of their wind field seems to be opposite to the observed field (Gill and Rasmusson, 1983) . They stressed that the ENSO can fundamentally be described as the atmosphere-ocean interaction over the tropical Pacific.
However, some recent observational studies have presented distinct evidences of the ENSO related anomalies outside the tropical Pacific region, which precede the extreme phases over the equatorial eastern Pacific (i.e., El Nino or anti-El Nino events) with one or two seasons or more. Barnett (1983 Barnett ( , 1984a Barnett ( , 1984b Barnett ( , 1985 offered evidences of eastward propagations of surface wind and pressure anomalies from the equatorial Indian Ocean toward the central Pacific. Krishnamurti et al. (1986) showed the global link of the surface pressure anomalies related to the ENSO cycle. Their results on the tropical belt seem to be similar to those of Barnett (1985) . Yasunari (1985) presented the evidences of eastward propagations of the tropical east-west anomalous circulation associated with ENSO. The propagation of the anomalies of zonal and divergent wind fields seem to be consistent with the surface fields by Barnett and Krishnamurti et al. Very recently, Gutzler and Harrison (1986) showed a very similar feature to Yasunari's by using different statistical approach. van Loon and Shea (1985) noted the significant ENSO related signals in the sea-level pressure, temperature and wind over the eastern Indian Ocean through Australia south of 15*, preceding the typical El Nino (or anti-El Nino). These studies strongly suggest that the preceding signals to ENSO do exist outside the tropical Pacific region.
In addition, a strong association of Indian summer monsoon with ENSO (Pant and Parthasarathy, 1981; Rassmusson and Carpenter, 1983; Bhalme and Jadhav, 1984 etc.) suggests us some physical link (not a one-way response) between the tropics and extra-tropics with this time scale. To understand the total physical process of the ENSO, therefore, the time evolution of atmospheric (and oceanic) parameters in the whole ENSO cycle should be examined for the entire globe.
The present study will forcus on this problem based on the analysis of the objectively analyzed atmospheric circulation parameters and SST associated with the ENSO over the global grids. This paper (Part I) will describe the objective analysis scheme and will assess the anomalies during El Nino (or anti-El Nino). Part II will describe the time evolution of SST and atmosphere during the course of ENSO cycle and will discuss a possible physical process of the ENSO.
Data sets
Main data source for wind, temperature and geopotential height is based on Monthly Climatic Data for the World (Upper Air Data) covering the period from January 1964 to December 1981. We selected 320-340 stations which contain more than two thirds of the total records. National Meteorological Center (NMC)'s tropical operational wind field analysis (48.1*-48.1*) are adopted for the period of 1968 to 1981 to cover data sparse oceanic regions. This data incorporates satellite-derived cloud winds as well as winds observed by commerical aircrafts.
Monthly mean 10*l0* gridded global sea level pressure (SLP) data set compiled by Krishnamurti et al. (1986) are also utilized. Monthly mean global SST data compiled at NOAA (Reynolds, 1983 ) are also used.
Objective analysis of time filtered data
During the analysis period (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) , El Nino/Southern Oscillation (ENSO) cycle prominently shows the periodicity of 3 to 5 years, as demonstrated in the Southern Oscillation Index (SOI) (Fig. 1) defined as the SLP difference of T. Yasunari 69 Tahiti minus Darwin. To extract the anomalies purely related to ENSO cycles, a recursive time filter (M. Murakami, 1981) with the frequency response of 30-60 month period with the maximum response of 45 month period (Fig. 2 ) was applied to all the data sets described in section 2. Mean seasonal cycles were subtracted from the original monthly data before we applied the time filter.
Time filtered U and V components of winds at 700mb and 200mb for 320 stations and 80 grids of NMC wind data are then objectively analyzed by using the least-square method following Pan (1979) .
For each month of the analysis period, K points observations, e.g. [uk] :k=1, 2, * K are given. In this case, the observation number K are 400. The location for the K-th point is given by * the longitude and *, the co-latitude. The objective analysis field are defined as the function where Pnm(cos*) represents the associated Legendre function. The coefficients Amn and Bmn are obtained by fitting the data set [uk] in such a way as to make a minimum with respect to each of the coefficients Amn and Bmn, that is where 0*m<M, m*n*m+M and where l*m<M, m*n*m+M
The details to solve th equations (3) and (4) are described minutely in Pan (1979) . The * are Gauss' precision moduli. The function u(*, * ) represents a truncated series of surface spherical harmonics. The index m represents the zonal wavenumber while n-m represents the meridional wavenumber, or the number of zero points between the two poles.
In spectral numerical models, two types of truncation have been used; i.e., the rhomboidal and the triangular truncations. In this study the rhomboidal truncation is adopted here simply because 1) it gives equal number of degree of freedom to each zonal wavenumber 2) resolution in higher latitudes are relatively better than the triangular truncation.
There may be at least two factors for determining the truncation limit M (or the maximum zonal wavenumber). One may be the over-deter- urination factor (i.e., number of data/number of coefficeents) for the least-square method. This number should be as large as possible. Another factor may be space-scales of anomalies that should be described in spherical surface. Since the anomalies associated with the Southern Oscillation may be of planetary-scale, the maximum zonal wavenumber M is chosen to be 5, which totally gives 66 coefficients. The corresponding aver-determination factor is about 5, which may be sufficient for the least-square method. By using A and B thus obtained, Fourier coefficients of zonal waves for each latitude are calculated as follows:
and Finally, the analyzed field of u(*, *) are obtained as follows:
Time filtered anomalies of the other parameters (v, z, T) are also produced in the same procedure. In cases of Z and T, 344 and 335 station data are adopted, respectively. To supress artificially amplified anomalies over the data-sparse region, some (less than 10) bogus points with zero-anomalies are also added in each case. The distribution of the original data (radiosonde station data, NMC grid-points data and bogus points) for U and V field is shown in Fig. 3 .
Assessment of analyzed data sets
There may be some doubt about the objectively analyzed data sets which are estimated with the limited degree of freedom as described in the previous section. In this section we present some results of assessment on the obtained time series and the spatial pattern.
In Fig. 4 original time-filtered data of temperature at 300mb and zonal wind at 200mb for some stations are compared to those of the adjacent grids deduced from the objective analysis. Although the analyzed data contain only the variances of limited zonal and meridional wavenumbers (m=0 to 5 with rhomboidal truncations), they could simulate, as a whole, the original data sufficiently. This fact may imply first that the anomalies of interannual time scales such as ENSO can be substantially composed with those of planetary-scale waves. However, the analyzed data also contain the statistical estimate errors due to insufficiency of data samples for the least-square method. For example, the analyzed data near Anchorage (Alaska) could simulate the original data substantially due to the sufficient data in the northern middle and high latitudes, but those at Alice Spring (Australia) have considerable estimate errors due to lack of station data in the southern hemisphere.
The stability of the analyzed data against the spatial truncations is also examined simply by comparing the spatial anomaly patterns deduced with different truncations. Fig. 5 shows the anomaly patterns of zonal wind at 200mb for January 1973 deduced with the truncation of zonal wavenumber 0 to 5 (upper) and from that of zonal wavenumber 0 to 6 (lower). Though from place to place the anomaly wind speeds are more or less different each other (generally the values for m=0-6 are greater than those for m=0-5), the overall negative-positive pattern is quite similar with each other. It seems that only in some portions where the ENSO signals are less significant and also the original data are sparse such as over the southern oceans, considerable changes of anomaly pattern are apparent. Thus, we may conclude that the objective analysis scheme we have employed here could fundamentally extract the ENSO related anomalies except some data sparse region such as the southern middle and high latitudes. This analysis scheme seems to function more efficiently for the time-filtered data sets.
Composite anomalies during El Nino
During the analysis period, one ENSO cycle shows nearly 4-year period particularly during 1964 to 1979 . In fact, El Nino occurred in 1965 , 1969 , 1972 /73 and 1976 /77 adn anti-El Nino conditions occurred in 1964 , 1967 /68,1970 /71, 1973 /74, 1975 /76 and 1978 , as shown in Fig.  1 . Although considerable decrease of SOI appeared during 1974/75, this phase did not show any characteristics of El Nino in the SLP nor wind field (Barnett, 1985; Gutzler and Harrison, 1986 etc.) . Yasunari (1985) also suggested that this minor minimum of SOI may be associated with the tropospheric QBO. In the present analysis, therefore, we have chosen the time filter to smooth out this phase as possible.
We then categorized 8 phases for each ENSO cycle during 1964 through 1979, in reference to the smoothed SOI values. For example, category 1 (5) denotes the maximum (minimum) SOI phase, which corresponds with the El Nino (antiEl Nino) period. Similarly, category 3 (7) corrspond with the intermediate stage from the El Nino (anti-El Nino) to the anti-El Nino (El Nino) period. One category of each ENSO cycle has a 5 to 6 months time length.
To scrutinize the circulation, temperature and height anomalies over the whole global domain associated with the ENSO cycle, composite anomaly fields for each category are produced, by averaging the four (or five) cases during the analysis period .
In this section, the global anomaly field of 10 parameters during El Nino period (category 5) are demonstrated.
a. SST Composite SST anomalies during El Nino period (category 5) are shown in Fig. 6 . Large positive anomalies exceeding 0.6* are remarkably seen over the central through the eastern equatorial Pacific. Large area of negative anomalies asre also apparent over the northern Pacific, which has been already pointed out as another significant feature of SST anomalies during El Nino (Weare et al., 1976) .
It is also noteworthy to state that positive anomalies are commonly seen over the whole tropical oceans except the western Pacific although the maximum amplitudes appear in the eastern Pacific. This has also been noted by Pan and Oort (1983) and Hsiung and Newell (1983). Another remarkable feature may be the northsouth contrast of anomalies over Europe through the north Atlantic. This may be related to the North Atlantic Oscillation (NAO) signals (Walker and Bliss, 1932) though some studies (Barnett, 1985 etc.) noted that NAO and SO are not correlated each other in time series. systematic patterns can be found. The overall feature particularly of the zonal wind anomalies are nearly identical to the results by Arkin (1982) and Pan and Oort (1983) . Fig. 9 shows zonal wind anomalies at 700mb. A prominent feature in the tropics is a coupling of the westelies over the central Pacific and the easterlies over the western Pacific through the Indian Ocean. This pattern is just opposite in the direction of wind to that at 200mb over there (see Fig. 8(a) ). That is, anomalous east-west circulation may be realized along the equatorial belt of this region as noted by Yasunari (1985) . In the middle latitudes, in contrast, the westerlies seem to be distributed associated with those at 200mb. In other words, baroclinic type zonal wind anomalies are dominant along the tropical belt most apparently over the Pacific, but equivalent barotropic-type wind anomalies are a characteristic feature in middle and high latitudes.
Anomalous heat source during El Nino may be located near to the westerly (easterly) maximum of 700 (200)mb over the central Pacific (180*-150*)
if we refer to simple linear theories (Matsuno,1966; Gill, 1980) .
To visualize the anomalous wind field more easily, streamline charts are produced as shown in Fig. 10. At 200mb (Fig. l0(a) the equator is consistent well with the spatial pattern of anomalous convection (i.e., strong convection over the former area and weak convections over the latter two areas) during 1982/ 83 El Nino (Ardanuy and Kyle, 1986) . A double anticyclonic-cell structure over the equatorial central Pacific and a cyclonic-cell structure to the north of it (i.e., over the Aleutian low area) are evident. Another cyclonic circulation can also be identified over the southern Pacific, and these two cyclonic cells seem to have a symmetric structure with respect to the equator. This feature suggests a strong stationary wave response of the atmosphere in the low and middle latitudes of the two hemispheres to the anomalous heating over the equatorial Pacific.
We also notice a weak anticyclonic curvature over Canada and cyclonic circulation to the southeast of it, which is identified as a so-called PNA pattern (Horel and Wallace,1981) . Another remarkable feature is a broad band of westerlies over the low and middle latitudes of the Atlantic and Afro-Eurasian region (refer to Fig. 8(a) ), which may imply the intensified subtropical jet stream associated with El Nino events.
At 700mb (Fig. 10(b) ), westerlies are prominent over the tropical Pacific as already noted in Fig. 9 . On either side of this westerly zone (i.e., over the northern and the southern Pacific), two cyclonic circulations made a pair, which may suggest the response of the middle latitude westerlies to the anomalous heat source over the central Pacific. Over Australia, in contrast, a strong anticyclonic cell exist, which correspond to the intensified subtropical high over there and associated intensified easterlies over the Indonesian maritime continent.
e. Temperature and geopotential height in the upper troposphere The anomalous thermal field in the atmosphere seems to be affected by the anomalous heating during El Nino most remarkably in the upper troposphere (e.g., Pan and Oort, 1983) . Fig. 11 shows composite anomalies of (a) temperature at 300mb and (b) geopotential height at 200mb. A striking common feature in the two charts is a zonally-oriented positive anomalies in the low latitudes (roughly 30*-30*) with a huge maximum over the central Pacific. In the middle latitudes of the two hemispheres, in contrast, negative anomalies are generally dominant. Areas of minimum anomalies are located over east Asia, northeast Pacific and western Europe in the northern hemisphere. The negative anomalies of temperature at 300mb and 200mb geopotential height over far east Asia may correspond to relatively cool summers during El Nino years (Kurihara, 1985) . In the southern hemisphere, patterns of negative and positive anomalies are rather erroneous, probably because of insufficient data particularly in the middle and higher latitudes. The overall feature in Fig. 11 suggests that the local Hadley-type circulation over the Pacific is so intensified during El Nino phase that the warming of the troposphere prevails over the whole tropical belt and the subtropical jet streams are intensified over the whole subtropics ( Fig. 8(a) ).
Summary and discussion
The anomalies of SST, SLP, wind, temperature and geopotential height fields during El Nino periods have been investigated over the whole globe, by using objectively analyzed timefiltered data sets. It was recognized anew that the ENSO should be viewed as a global-scale climate system rather than a local atmosphere-ocean coupled system over the equatorial Pacific Ocean although the anomalies over the Pacific are remarkably large.
It is noted that the positive SST anomalies over the equatorial Indian and Atlantic Ocean appear nearly in phase with the warm episode over the eastern Pacific. Warming of the upper troposphere in the whole tropics and the increasing of zonal winds in the subtropics and the middle latitudes of the two hemispheres are also prominent at the same time. These evidences apparently suggest that the Hadley-type circula-T. Yasunari 77 tion is intensified during El Nino episodes most significantly over the central Pacific but also over the entire tropics. The results here are compatible with those by Pan and Oort (1983) . Another interesting feature is a nearly-symmetric response of the upper troposphere over the northern and the southern Pacific with the equatorial anomalous heating. Although most of the previous observational and theoretical studies stressed the response in the northern mid-latitudes (e.g., Horel and Wallace, 1981) , the symmetric response pattern with respect to the equator has also been suggested (e.g., Branstator, 1985) .
The NAO-type SLP anomalies over the north Atlantic seem to be consistent with the northsouth contrast of anomalies of geopotential height (and temperature) in the upper troposphere. The negative SLP anomalies in the southern part and the positive SLP anomalies in the northern part imply the general weakening of Azores high and the southward shift of Icelandic low, which seems to be consistent with the negative anomalies of geopotential height, temperature and the positive anomalies of zonal wind in the upper troposphere of the southern part. Barnett (1985) stressed the orthogonality of SO mode and NAO mode based on the CEOF analysis of SLP. However, the present results have suggested a strong association of NAO with SO as far as our analysis period (1964-79) is concerned. In fact, the two modes of Barnett (1985) seem to be well correlated each other during this period though they appeared to be independent each other through the whole period of his analysis.
In the present study, it has been revealed that objectively-analyzed time filtered data sets are effective to examine the global feature of ENSO related anomalies. The application of the time filtered series to truncated spherical harmonics (with m=0 to 5) seems to have been efficient to extract this mode since ENSO may be a phenomenon of planetary-scale.
In the present paper, however, we have not discussed how the anomalies over the whole globe change in time associated with the evolution of ENSO cycles. This problem will be discussed in Part II of the present study. 
